apparently decreases the range of Wingless.
Continuous and uniform wingless expression is known to specify uniform naked cuticle (Lawrence et al., 1996) . However, this phenotype could arise indirectly, since early wingless misexpression interferes with engrailed expression and disrupts the embryo's segmental organization. We therefore asked whether wingless is sufficient to specify naked cuticle at a time when it is no longer required for engrailed expression. Experiments with a temperature-sensitive allele have shown that wingless is required for the maintenance of engrailed expression between stage 8 and early stage 11 (3-6 hr after egg laying [AEL]) (Bejsovec and Martinez-Arias, 1991; Heemskerk et al., 1991). We added ectopic wingless after this time, using a ubiquitous driver (armadillo-Gal4) in combination with UAS-wingless ts , which encodes the same temperature-sensitive Wingless protein. Uniform wingless expression initiated at mid-stage 11 (6.5 hr AEL) is sufficient to force most cells to make naked cuticle ( Figure  1D ). A few denticles remain, most probably because the UAS/Gal4 system is less active at low temperature (Brand and Perrimon, 1993 ). This experiment shows that all epidermal cells are able to respond to Wingless at stage 11. naked regions make ectopic denticles, confirming that wingless signaling is required everywhere naked cuticle Wingless Specifies Naked Cuticle Anisotropically In the ventral abdominal region of the Drosophila emis made ( Figure 2B ). This agrees with experiments of Wieschaus and Riggleman (1987) , which showed that bryo, wingless is expressed in single cell-wide stripes (for review, Martinez-Arias, 1993; see also Figure 5D ). armadillo mutant clones generated by X irradiation produce patches of denticle in the naked domain. ApproTo assess the range of Wingless in specifying the naked fate, we mapped these onto the final cuticle pattern priate markers were not available at the time, so these authors could not test the requirement for armadillo in (Figures 1A and 1B) . Unexpectedly, we find that the wingless stripes are eccentric within each expanse of the presumptive denticle belts. With the Flp-on Gal4 system, we find that all Cadherin-overexpressing cells naked cuticle. Naked cuticle is made over a distance of approximately 3-4 cell diameters anterior to the winglocated within belts make denticle of the type and size expected for their position ( Figures 2C and 2D ). These less source. In contrast, posterior to it, only the adjoining cells make naked cuticle; these cells are the most anteresults show that wingless signaling (via Armadillo) is not required in the presumptive denticle belts. Wingless rior of each engrailed stripe (see diagram in Figure 1E and Dougan and DiNardo, 1992). The denticle fate of signaling is only required within the naked domain, and this requirement is asymmetric relative to the wingless more posterior engrailed-expressing cells could be explained if they were unable to respond to wingless. We source. Two types of mechanisms could account for the therefore assessed the responsiveness to Wingless of all epidermal cells. asymmetry of wingless action: (1) the wingless protein Figure 3C ), and if sibling embryos are left to develop, they make ectopic naked cuticle in the same region ( Figure 3D ). Therefore, Wingless can repress rhomboid transcription in the same time window as it specifies naked cuticle. Wingless is not only sufficient for rhomboid repression, it is also necessary since wingless null mutants have an additional rhomboid stripe in each abdominal segment ( Figure 3B) . The position of these extra stripes relative to landmarks in the CNS (data not shown) suggests that they form at the anterior of the domain of extinct engrailed expression, where wingless would normally be expressed. Thus, in the wild type, the presence of Wingless at the anterior of each engrailed stripe keeps rhomboid expression off there (see Figure 3E) . Significantly, rhomboid is expressed posterior to the engrailed domain of wild-type embryos. Therefore, active Wingless is not present in these cells, at least at late stage 11; if it were, rhomboid would not be expressed. These cells are located only two cell diameters posterior to the Wingless source ( Figure 3E ).
A Posterior Barrier to wingless
The asymmetric distribution of Wingless could be explained by decreased transport/stability either within the engrailed domain or at its posterior edge, where the segment boundary forms. To explore this, we misexpressed wingless directly in the engrailed domain (posterior to endogenous wingless) and determined whether the range of Wingless was shifted posteriorly (Figure 4) . Wingless was expressed with the engrailed-Gal4 driver in otherwise wild-type embryos (en-Gal4/UAS-wg). The only effect on the cuticle pattern is the loss of row 1 denticles ( Figures 4A and 4AЈ ). Remarkably, no other denticles are lost. In particular, row 2 denticles are pres- protein movement exists at the presumptive segment boundary.
is not straightforward, since wingless expression requires hedgehog signaling. Therefore, we maintained The Posterior Barrier Requires hedgehog Signaling Among various candidate genes, hedgehog was found wingless expression artificially in hedgehog null mutants using en-Gal4. Normally the engrailed promoter also to be required for the posterior barrier to Wingless (Figure 5) .
turns off in a hedgehog mutant for lack of wingless, but in en-Gal4/UAS-wg; hh Ϫ embryos, this is remedied by Assaying the range of Wingless in a hedgehog mutant exogenous Wingless. Thus, a hedgehog-independent positive feedback loop is established between engrailed and wingless, and stripes coexpressing Wingless and Engrailed are obtained.
We found that the distribution of the Wingless protein in en-Gal4/UAS-wg; hh Ϫ embryos is different from that seen in en-Gal4/UAS-wg control embryos (Figures 5A  and 5B ). Wingless spreads posterior to the engrailed domain as if a barrier had been lifted or Wingless movement enhanced ( Figure 5B) . Note that the wider protein distribution is not due to a wider domain of transcription (compare Figures 5E and 5F ). In fact, in en-Gal4/UASwg; hh Ϫ embryos, the source of Wingless is slightly narrowed, since endogenous expression dies away and the only source of Wingless is the cells expressing engrailed. The resulting protein distribution is symmetrical, and this is reflected in the cuticle pattern: in contrast to en-Gal4/UAS-wg embryos, en-Gal4/UAS-wg; hh Ϫ embryos lack rows 2-4 and, instead, have an extra expanse of naked cuticle ( Figure 5C ). At the positions where rows 5 and 6 normally form, lies a thin stripe of small denticles. Naked cuticle is specified equally in the anterior and posterior directions, as shown by marking the winglessexpressing cells with GFP ( Figure 5C ). Thus, in the absence of hedgehog, wingless action is symmetric. This effect could be due directly to loss of Hedgehog protein or indirectly to lack of downstream signaling. To distinguish between these possibilities, we assayed the range of ectopic wingless in embryos mutant for cubitus interruptus (ci), a downstream effector of the hedgehog pathway. The cuticle phenotype of en-Gal4/UAS-wg; ci Ϫ embryos is identical to that of en-Gal4/UAS-wg; hh Ϫ embryos (Figure 5G) , showing that the posterior barrier to Wingless requires hedgehog signaling. This requirement is dose sensitive, since in hedgehog or cubitus interruptus heterozygotes, Wingless produced in the engrailed domain generates occasional breaches of naked cuticle in the denticle belts (Figures 5H and 5K ) .
The role of hedgehog in barrier formation is also demonstrated using rhomboid repression as an assay for Wingless activity. en-Gal4/UAS-wg; hh Ϫ embryos lose rhomboid expression in the trunk epidermis, implying the presence of Wingless in the rhomboid domain (Figure 5IЈ) . hedgehog itself does contribute to rhomboid expression (Gritzan et al., submitted; C. A. et al., unpublished data). However, rhomboid is still expressed in hh Ϫ or ci Ϫ embryos (Figures 5J and 5JЈ) . Therefore, the complete loss of rhomboid expression in the epidermis of en-Gal4/UAS-wg; hh Ϫ embryos must follow, at least in part, from transcriptional repression by Wingless. Consistent with this, the breaches seen in the denticle belts of hedgehog heterozygotes correspond to local loss of rhomboid expression ( Figure 5K ). the wild-type protein, an expanse of naked cuticle only 1-2 cells wide is found ( Figure 6B ). This demonstrates that Wingless has to be physically transported from cell carrying in addition UAS-hedgehog have significantly narrower naked domains ( Figure 6D ). Likewise, wg Ϫ ptc Ϫ to cell to specify a band of naked cuticle of the normal size, and that there is no relay mechanism.
en-Gal4/UAS-wg embryos have narrow naked bands as well ( Figure 6DЈ ). This suggests that excess hedgehog Next, we used our assay to find out the effect of increasing hedgehog signaling on the range of Wingless.
signaling reduces the range of Wingless, although excess Hedgehog signaling could also induce ectopic Increased hedgehog signaling can be achieved either by overexpressing Hedgehog or by removing patched rhomboid, which would in turn antagonize Wingless signaling and loss of naked cuticle (Szuts et al., 1997) . activity (Ingham, 1993 Figure 1D ) and represses rhomboid transcription Neumann and Cohen, 1997b). Here, we show that, in ( Figure 3C ). This suggests that all cells, including those the embryo, the range of Wingless is asymmetric. In the posterior to each engrailed stripe, are responsive to anterior direction, Wingless acts over up to five cell Wingless (although it is formally possible that the latter diameters, while posteriorly only adjoining cells are afcells are only responsive to autocrine signaling). Thus, fected. We find that this asymmetric range follows in the lack of posterior response in en-Gal4/UAS-wg empart from an asymmetric distribution of wingless protein bryos is probably because, in this experimental situain each segment, and that it requires engrailed and tion, Wingless does not reach posteriorly. Indeed, in the hedgehog. 
